In this present study, we investigated the effect of photocatalyzation on the degradation of trichloroethylene (TCE) in the aqueous phase by a photocatalyst-coated plastic optical fiber (POF). Two light-emitting diodes (LEDs) with low light intensity were used as the light source and TiO 2 and ZnO were used as photocatalysts, which were characterized by scanning electron microscope (SEM) and UV-Vis diffuse reflectance spectroscopy (DRS). The para-chlorobenzoic acid (pCBA) was used as the hydroxyl radical probe for kinetic study and for the calculation of hydroxyl radical conversion rate (R OH,UV ). Experimental results show that POF coated with TiO 2 exhibited higher degradation efficiency of TCE in basic solution, but POF coated with ZnO performed better in acidic solution. The increase of coating times resulted in the decrease in degradation efficiency of TCE due to increased thickness of the photocatalyst layer. The enhancement of light intensity contributed to the improvement of photocatalytic treatment efficiency. The R OH,UV for TiO 2 and ZnO coated POF increased from 2 × 10 3 to 8 × 10 3 M s cm 2 mJ −1 and from 8 × 10 2 to 2 × 10 3 M s cm 2 mJ −1 , respectively, as the pH increased from 4 to 10.
Introduction
In recent years, the issue of groundwater pollution has received much attention. The treatment techniques for soil and groundwater pollution can be classified into three types: in situ, on-site, and off-site [1] . The current groundwater treatment mainly focuses on local and off-site treatment. For the local treatment, it is difficult to determine the optimal dosage of applied chemicals. The efficacy of the treatment always depends on the dosage used. Probably, the highest chemical dosage may result in some adverse effects on the environment. Off-site treatment is mainly used to treat contaminated groundwater in a wastewater treatment system. On the other hand, the professional wastewater treatment technology is an effective method that can be used to remove organic pollutants from water; but it is more expensive than local treatment and cannot be used widely. Thus, this study intends to develop a facile treatment technology, with the addition of negligible/absence of chemical reagents, that can effectively remove organic pollutants from the groundwater. Furthermore, the reliability, feasibility and cost are the main concerns in order to avoid the drawbacks of some other conventional treatment methods in practice nowadays.
The photocatalytic technology utilizes the energy of light to transfer electrons between the valence band and the conduction band of the catalyst, thereby producing conduction-band electrons and As mentioned above, some researchers have used photocatalytic optical fibers mainly to treat organic pollutants in the gaseous and aqueous phase. However, to our best knowledge, the investigation of the effects of coating times, light intensity, solution pH and treatment process on the removal of TCE, and the estimation of the formation of hydroxyl radicals of the proposed system have not been explored in any detail. Therefore, the proposed photocatalytic optical fiber system was used in this contemporary research, and we focused on three major goals that are as follows: (1) To evaluate the photocatalytic activity of LED-coated optical fibers under different operating conditions; (2) to investigate the effect of photocatalytic degradation of TCE under different operating conditions; and (3) to evaluate the feasibility of treating TCE by LED-coated fiber photocatalytic reaction systems. This study utilized the high light guiding property of optical fibers to effectively transmit and extend light energy for the photocatalytic treatment process. The dip-coating method was used for coating photocatalysts on the surface of optical fibers.
Materials and Methods

Materials
All chemicals used were in analytical grade and were used as received unless otherwise noted. Two nano-scale photocatalysts, TiO 2 (Degussa P-25, specific surface area: 35-65 m 2 g −1 , particle size: 21 nm) and ZnO (Aldrich, specific surface area: 18 m 2 g −1 , particle size: 40-100 nm), were used as photocatalysts. For the photocatalytic reaction, an LED at the wavelength of 395 nm (lamp A) was used as the light source for studying the effect of photocatalytic POF on the TCE treatment efficiency. Only for the light source study (refer to Section 3.4), another LED at the wavelength of 365 nm (lamp B) was used as the light source to compare its effect of TCE photocatalyzation with that of lamp A. A light intensity meter (CHY 732, measured wavelength 320-400 nm) was used to monitor the intensity of light exposure. The light intensity meter measured the light intensity at a distance of 5 cm from the light-emitting position. The photocatalyst-coated POF was prepared by the use of the dip-coating method with TiO 2 or ZnO photocatalysts [8] . The POF, which was made by polymethylmethacrylate (PMMA) with a diameter of 2 mm, was used in the study for light transmission. The POF was partially immersed in the well-mixed photocatalyst solution for 10 s. Then, the POF was slowly pulled away from the liquid surface and dried at 50 • C in an oven for 12 h. The procedure is then repeated several times to complete the preparation of the coated POF to the desired number of layers. The schematic of the POF structure and the light and coated POF is shown in Figure 1 . The volume of the photocatalytic reactor, which was made by Pyrex glass, is 65 mL (h = 19 cm, dia. = 3.5 cm). The para-chlorobenzoic acid (pCBA) was used as an •OH probe for kinetic study and the calculation of hydroxyl radical conversion rate (R OH,UV ) [18] . The experimental procedure was as follows. Assemble the photocatalytic reactor with the coated POF, place a magnetic bar in the reactor and then have it poured into the required TCE solution. During the experiment, place the reactor on a stirrer and maintain the temperature at 25 • C.
Analytical Methods
The TCE was analyzed following NIEA W780.51C by using Agilent 6890N gas chromatograph (GC) (Agilent Technologies, Santa Clara, California, USA) equipped with a 63Ni electron capture detector (ECD) and a DB-5 capillary column (J&W Scientific). In the liquid phase extraction for TCE analysis, a methyl tert-butyl ether (MTBE) extraction solution containing 1, 2, 3-trichloropropane (25 mg L −1 ) was prepared. The water sample was extracted with the MTBE solution at the volume ratio of 50:6. After shaking vigorously for 5 min and letting it stand for another 3 min, 3 µL of the upper extraction solution was taken for GC-ECD analysis.
For kinetic study and R OH,UV calculation, the concentration of pCBA was determined by high-performance liquid chromatography (HPLC) (D-7000, Hitachi, Tokyo, Japan) with a UV detector, an auto sampler, a reverse-phased Mightysil RP-18 GP column (250 mm × 4.6 mm, Merck) and a Mightysil RP-18 GP (5 mm × 4.6 mm, Merck) [19] . Acetonitrile and 10 mM phosphoric acid (6:4, v/v) were used as the flow washing solution. The flow rate was set at 1 mL min −1 and the UV wavelength was set at 234 nm.
The surface of photocatalyst-coated POF was analyzed by a scanning electron microscopy (SEM) (Hitachi S-3000N, Tokyo, Japan) system. The TiO 2 and ZnO nano-powders were used to analyze the absorption wavelength and the energy band gap of the photocatalyst by using a UV-VIS diffuse reflectance spectroscopy (DRS) (Hitachi U-3900, Tokyo, Japan). X-ray diffraction analysis (XRD) (Bruker, D8 Advance, Germany) can obtain the crystal structure of the material to be tested. An X-ray diffractometer was used in this study for identifying the crystal structure of the photocatalyst. The XRD pattern of TiO 2 is shown in Figure 2a . Peaks of anatase appearing at 2θ: 25.4 • , 48.2 • , 55.2 • , and the rutile at 2θ: 27.5 • , 36.1 • and 54.4 • (morphology is 75% anatase and 25% rutile). The XRD pattern of the ZnO is shown in Figure 2b . The obtained spectrum has the ZnO main peaks at 2θ: 31.9 • , 34.5 • , 36.3 • , 47.9 • , 56.5 • , 62.8 • and 67.9 • (morphology is hexagonal).
Two nano-scale photocatalysts, TiO2 (Degussa P-25, specific surface area: 35-65 m 2 g −1 , particle size: 21 nm) and ZnO (Aldrich, specific surface area: 18 m 2 g −1 , particle size: 40-100 nm), were used as photocatalysts. For the photocatalytic reaction, an LED at the wavelength of 395 nm (lamp A) was used as the light source for studying the effect of photocatalytic POF on the TCE treatment efficiency. Only for the light source study (refer to Section 3.4), another LED at the wavelength of 365 nm (lamp B) was used as the light source to compare its effect of TCE photocatalyzation with that of lamp A. A light intensity meter (CHY 732, measured wavelength 320-400 nm) was used to monitor the intensity of light exposure. The light intensity meter measured the light intensity at a distance of 5 cm from the light-emitting position. The photocatalyst-coated POF was prepared by the use of the dip-coating method with TiO2 or ZnO photocatalysts [8] . The POF, which was made by polymethylmethacrylate (PMMA) with a diameter of 2 mm, was used in the study for light transmission. The POF was partially immersed in the well-mixed photocatalyst solution for 10 s. Then, the POF was slowly pulled away from the liquid surface and dried at 50 °C in an oven for 12 h. The procedure is then repeated several times to complete the preparation of the coated POF to the desired number of layers. The schematic of the POF structure and the light and coated POF is shown in Figure 1 . The volume of the photocatalytic reactor, which was made by Pyrex glass, is 65 mL (h = 19 cm, dia. = 3.5 cm). The para-chlorobenzoic acid (pCBA) was used as an •OH probe for kinetic study and the calculation of hydroxyl radical conversion rate (ROH,UV) [18] . The experimental procedure was as follows. Assemble the photocatalytic reactor with the coated POF, place a magnetic bar in the reactor and then have it poured into the required TCE solution. During the experiment, place the reactor on a stirrer and maintain the temperature at 25 °C. 
The TCE was analyzed following NIEA W780.51C by using Agilent 6890N gas chromatograph (GC) (Agilent Technologies, Santa Clara, California, USA) equipped with a 63Ni electron capture detector (ECD) and a DB-5 capillary column (J&W Scientific). In the liquid phase extraction for TCE analysis, a methyl tert-butyl ether (MTBE) extraction solution containing 1, 2, 3-trichloropropane (25 mg L −1 ) was prepared. The water sample was extracted with the MTBE solution at the volume ratio of 50:6. After shaking vigorously for 5 min and letting it stand for another 3 min, 3 μL of the upper extraction solution was taken for GC-ECD analysis.
For kinetic study and ROH,UV calculation, the concentration of pCBA was determined by highperformance liquid chromatography (HPLC) (D-7000, Hitachi, Tokyo, Japan) with a UV detector, an auto sampler, a reverse-phased Mightysil RP-18 GP column (250 mm × 4.6 mm, Merck) and a Mightysil RP-18 GP (5 mm × 4.6 mm, Merck) [19] . Acetonitrile and 10 mM phosphoric acid (6:4, v/v) were used as the flow washing solution. The flow rate was set at 1 mL min −1 and the UV wavelength was set at 234 nm.
The surface of photocatalyst-coated POF was analyzed by a scanning electron microscopy (SEM) (Hitachi S-3000N, Tokyo, Japan) system. The TiO2 and ZnO nano-powders were used to analyze the absorption wavelength and the energy band gap of the photocatalyst by using a UV-VIS diffuse reflectance spectroscopy (DRS) (Hitachi U-3900, Tokyo, Japan). X-ray diffraction analysis (XRD) (Bruker, D8 Advance, Germany) can obtain the crystal structure of the material to be tested. An X-ray diffractometer was used in this study for identifying the crystal structure of the photocatalyst. The XRD pattern of TiO2 is shown in Figure 2a . Peaks of anatase appearing at 2θ: 25.4°, 48.2°, 55.2°, and the rutile at 2θ: 27.5°, 36.1° and 54.4° (morphology is 75% anatase and 25% rutile). The XRD pattern of the ZnO is shown in Figure 2b . The obtained spectrum has the ZnO main peaks at 2θ: 31.9°, 34.5°, 36.3°, 47.9°, 56.5°, 62.8° and 67.9° (morphology is hexagonal). 
Kinetics and ROH,UV
Modified Langmuir-Hinshelwood (L-H) model was used to determine the rate of photocatalytic degradation of TCE and can be expressed as Equation 1 [18] . According to Equation 1, where kapp is the apparent degradation rate constant (min −1 ), C0 is the initial concentration of TCE (mg L −1 ), kr is the intrinsic reaction rate constant (mg L −1 min −1 ), and kS is the L-H adsorption constant (L mg −1 ).
The calculation of ROH,UV is by using Equation 2 [20]: 
Kinetics and R OH,UV
Modified Langmuir-Hinshelwood (L-H) model was used to determine the rate of photocatalytic degradation of TCE and can be expressed as Equation (1) [18] . According to Equation (1), where k app is the apparent degradation rate constant (min −1 ), C 0 is the initial concentration of TCE (mg L −1 ), k r is the intrinsic reaction rate constant (mg L −1 min −1 ), and k S is the L-H adsorption constant (L mg −1 ).
The calculation of R OH,UV is by using Equation (2) [20]:
where H is the UV fluence (mJ cm −2 ), k OH,pCBA = 5.2 × 10 9 M −1 S −1 , and t is the reaction time. The k D T represents the total observed oxidation rate constant (cm 2 mJ −1 ), which is based on fluence.
Experimental Parameters
Controlled experimental parameters are as follows. The TCE concentration was set to 1 mg L −1 , which is based on the consideration of the actual concentration of TCE in the contaminated groundwater and refers to the previous study of TCE in photocatalytic treatment [21, 22] . The treatment time was set at 1, 2, 3 and 4 h. The pH values used in the experiment were 4, 7 and 10. The types of nano-photocatalysts used were TiO 2 and ZnO. The number of photocatalyst coating times was 1, 3, 5, 7 and 10. The treatment procedures included photolysis, TiO 2 -coated POF photocatalysis and ZnO-coated POF photocatalysis. The light intensity was 40 and 20 mW cm −2 for lamp A and lamp B, respectively. The initial concentration of pCBA was 0.05 µM. Experiments were conducted at pH 7 (except the study of the effect of pH) and the temperature was maintained at 25 • C. All experiments were repeated two times.
Results and Discussion
Thickness of Photocatalyst Layer with Different Coating Times
The thickness of the photocatalyst layer coated on the surface of an optical fiber was observed through a scanning electron microscope (SEM), as shown in Figure 3a , which shows the image of photocatalysts coated on a POF with the magnification of 45 times. In addition, the influence of the number of the coating was shown in Figure 3b -f as the coating times increased from 1 to 10, respectively, with the magnification of 1000 times. As can be seen, with the increase of the coating number from 1 to 10, the thickness of photocatalysts deposited on the surface of POF significantly increased from 2.01 to 18.96 µm. The thickness of photocatalysts deposited on the surface of POF was the average of three replicates by SEM. The thickness of the photocatalyst deposition can be calculated as: deposition thickness = 1.84 µm × coating times (±0.6 µm). The photocatalysts were evenly deposited on the POF surface by the dip-coating method. The average masses of coated photocatalysts on the optical fiber surface were 0.25, 0.70, 1.07, 1.47 and 1.87 mg for 1, 3, 5, 7 and 10 coating times, respectively.
Analysis of the Energy Gap of the Two Nano-Photocatalysts
The TiO 2 and ZnO powders were used to analyze their absorption wavelength, and the energy band gap by DRS to evaluate their efficiency on photocatalyzation under light irradiation with different wavelengths. The absorption of intense light energy by photocatalysts results in the separation of electrons and the holes in them. Then, a chain reaction that generates •OH with strong oxidation potential occurs in order to help achieve an effective removal of pollutants. Yang et al. observed 0% and 99% removal of microcystin-LR by 6-h visible and 20-min UV light photocatalyzation, respectively [23] . Therefore, the wavelength of the absorbable energy of the photocatalyst is an important factor in the photocatalytic process.
The energy gap of a photocatalyst can be calculated by using the equation: λ = 1240 Eg −1 , where λ is the absorption wavelength (nm) and Eg is the energy gap (eV). Previous studies have shown that the band gap of TiO 2 and ZnO is 3.0-3.2 eV and 3.2 eV, respectively [13, 24, 25] . The calculated Water 2019, 11, 2391 6 of 14 energy gap of TiO 2 and ZnO photocatalysts used in this study is 3.0 eV and 3.15 eV, respectively ( Figure 4 ). In addition, according to Figure 5 , significant changes of absorption by ZnO photocatalysts occurred between a wavelength of 375 nm and 410 nm, while in TiO 2 the changes occurred between a wavelength of 320 nm and 410 nm. The ZnO photocatalyst is expected to perform higher photocatalytic efficiency than TiO 2 between the wavelength of 320 nm and 385 nm, and the TiO 2 outweighs ZnO between the wavelength of 385 nm and 410 nm. In this experiment, the light source wavelength of 395 nm for the TiO 2 photocatalyst shows ease in the absorption of the light; the results of an experiment conducted by Han et al. showed the same measured results [26] . 
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The energy gap of a photocatalyst can be calculated by using the equation: λ = 1240 Eg −1 , where λ is the absorption wavelength (nm) and Eg is the energy gap (eV). Previous studies have shown that the band gap of TiO2 and ZnO is 3.0-3.2 eV and 3.2 eV, respectively [13, 24, 25] . The calculated energy gap of TiO2 and ZnO photocatalysts used in this study is 3.0 eV and 3.15 eV, respectively ( Figure 4 ). In addition, according to Figure 5 , significant changes of absorption by ZnO photocatalysts occurred between a wavelength of 375 nm and 410 nm, while in TiO2 the changes occurred between a wavelength of 320 nm and 410 nm. The ZnO photocatalyst is expected to perform higher photocatalytic efficiency than TiO2 between the wavelength of 320 nm and 385 nm, and the TiO2 outweighs ZnO between the wavelength of 385 nm and 410 nm. In this experiment, the light source wavelength of 395 nm for the TiO2 photocatalyst shows ease in the absorption of the light; the results of an experiment conducted by Han et al. showed the same measured results [26] . 
Effect of Coating Times on Photocatalytic Efficiency
TiO2 and ZnO photocatalysts were coated on a single POF (2 mm in diameter) to study the effect of different coating times on the removal efficiency of TCE through adsorption (w/o light irradiation) and adsorption plus photocatalysis. The photocatalysts were coated on a single POF by 1, 3, 5, 7 and 10 times to treat the TCE solution for 2 h. As can be seen from Figure 6 , the adsorption represents that the TCE was removed by photocatalyst adsorption without LED irradiation. The adsorption plus photocatalysis represents that the TCE was removed by adsorption and photocatalysis simultaneously. The adsorption plus photocatalysis of TCE with TiO2-coated POF resulted in the removal of 34%, 30%, 29%, 25% and 24% of TCE for the photocatalyst coated 1, 3, 5, 7 and 10 times, respectively. The adsorption only by the coated POF removed 15%, 17%, 18%, 19% and 19% of TCE. For ZnO photocatalysts, the adsorption plus photocatalysis removed 36%, 31%, 31%, 29% and 31% of TCE, and the adsorption only removed 19%, 20%, 22%, 26% and 28% of TCE. The TCE levels decreased with the formation of chloride which increased in the treated water for both coated photocatalysts after photocatalyzation by the proposed system. It was also found that more chloride formed in the TiO2-coated fiber system than that with the ZnO-coated fiber system (data not shown). The adsorption plus photocatalysis performed better than adsorption alone on TCE removal. It was 
TiO 2 and ZnO photocatalysts were coated on a single POF (2 mm in diameter) to study the effect of different coating times on the removal efficiency of TCE through adsorption (w/o light irradiation) and adsorption plus photocatalysis. The photocatalysts were coated on a single POF by 1, 3, 5, 7 and 10 times to treat the TCE solution for 2 h. As can be seen from Figure 6 , the adsorption represents that the TCE was removed by photocatalyst adsorption without LED irradiation. The adsorption plus photocatalysis represents that the TCE was removed by adsorption and photocatalysis simultaneously. The adsorption plus photocatalysis of TCE with TiO 2 -coated POF resulted in the removal of 34%, 30%, 29%, 25% and 24% of TCE for the photocatalyst coated 1, 3, 5, 7 and 10 times, respectively. The adsorption only by the coated POF removed 15%, 17%, 18%, 19% and 19% of TCE. For ZnO photocatalysts, the adsorption plus photocatalysis removed 36%, 31%, 31%, 29% and 31% of TCE, and the adsorption only removed 19%, 20%, 22%, 26% and 28% of TCE. The TCE levels decreased with the formation of chloride which increased in the treated water for both coated photocatalysts after photocatalyzation by the proposed system. It was also found that more chloride formed in the TiO 2 -coated fiber system than that with the ZnO-coated fiber system (data not shown). The adsorption plus photocatalysis performed better than adsorption alone on TCE removal. It was also interesting to find that the removal efficiency of TCE by photocatalysis decreased with the increase of the coating times.
Joo et al. studied the photocatalytic treatment of TCE using a TiO 2 catalyst as the carrier and fiber as the supporter [8] . A 1000 W xenon lamp was used in this study. They coated the optical fiber with TiO 2 1, 3, 5 and 8 times. Their results show that the best removal efficiency of TCE was coating 3 times and the TCE was completely removed from the solution in 20 min. This result indicated that increasing the number of coating times also increased the amount of photocatalyst deposited on the fiber surface, which might block the light transmission from the fiber to the utmost photocatalysts. In addition, Farooq et al. used TiO 2 photocatalysts to treat a solution containing TCE with a 15 W UVA lamp. Different amounts of photocatalyst (0.1, 0.3, 0.5, 0.7, 1.0 g) were added into the photoreactor [27] . Their experimental results show that the removal rate of TCE decreased from 55% to 18% when the TiO 2 dosage was increased from 0.7 g to 1.0 g after 90 min of treatment time. This removal of TCE is mainly due to the excitation of the photocatalyst's surface by the formation of electrons and holes in the presence of light. If the photocatalyst dosage is too high, it leads to a rapid combination of the electrons and holes that cause a decrease in the oxidation of pollutants. On the other hand, a chain reaction will lead to the formation of oxygen and •OH [28] . If excess photocatalyst is added, it causes the •OH to compete with each other, reducing the number of •OH and its probability of reacting with pollutants, and leads to poor removal efficiency. Without the presence of light irradiation, the adsorption effect increased with the increase of the number of coating times. This is due to the increase in the amount of photocatalyst on the POF surface which also increased the active position to adsorb more TCE.
Water 2019, 11, 2391 8 of 14 also interesting to find that the removal efficiency of TCE by photocatalysis decreased with the increase of the coating times. Joo et al. studied the photocatalytic treatment of TCE using a TiO2 catalyst as the carrier and fiber as the supporter [8] . A 1000 W xenon lamp was used in this study. They coated the optical fiber with TiO2 1, 3, 5 and 8 times. Their results show that the best removal efficiency of TCE was coating 3 times and the TCE was completely removed from the solution in 20 min. This result indicated that increasing the number of coating times also increased the amount of photocatalyst deposited on the fiber surface, which might block the light transmission from the fiber to the utmost photocatalysts. In addition, Farooq et al. used TiO2 photocatalysts to treat a solution containing TCE with a 15 W UVA lamp. Different amounts of photocatalyst (0.1, 0.3, 0.5, 0.7, 1.0 g) were added into the photoreactor [27] . Their experimental results show that the removal rate of TCE decreased from 55% to 18% when the TiO2 dosage was increased from 0.7 g to 1.0 g after 90 min of treatment time. This removal of TCE is mainly due to the excitation of the photocatalyst's surface by the formation of electrons and holes in the presence of light. If the photocatalyst dosage is too high, it leads to a rapid combination of the electrons and holes that cause a decrease in the oxidation of pollutants. On the other hand, a chain reaction will lead to the formation of oxygen and •OH [28] . If excess photocatalyst is added, it causes the •OH to compete with each other, reducing the number of •OH and its probability of reacting with pollutants, and leads to poor removal efficiency. Without the presence of light irradiation, the adsorption effect increased with the increase of the number of coating times. This is due to the increase in the amount of photocatalyst on the POF surface which also increased the active position to adsorb more TCE.
Effect of Light Source on Photocatalytic Efficiency
The lamp A (395 nm LED) and B (365 nm LED) both in the UVA wavelength were used to explore the effect of light source on the removal of TCE. The light intensity of lamp A and lamp B was 40 mW cm −2 and 20 mW cm −2 , respectively. The results are shown in Figure 7 . After 2 h of photocatalytic treatment, the removal efficiency of TCE by TiO2-coated POF with lamp A and lamp B was 34% and 27%, respectively. The removal efficiency of TCE by ZnO-coated POF with lamp A and lamp B was 36% and 29%, respectively. Using a higher light intensity LED lamp for photocatalysis can provide stronger energy to photocatalysts and form more •OH than the lower light intensity ones. Therefore, as can be seen from Figure 7 , photocatalysis of TCE with lamp A obtained higher removal efficiency than with lamp B. This implies that light intensity is one of the main factors that affect photocatalytic removal of TCE. When the light intensity of the light source is increased, the efficiency of the photocatalytic treatment is improved. Jinyu et al. studied a similar light source in their experiments but changed its power to 100, 200 and 300 W, thereby increasing the light intensity of the light source. When Ag+/TiO2 powder was added into the treatment solution, the removal efficiency increased from 
The lamp A (395 nm LED) and B (365 nm LED) both in the UVA wavelength were used to explore the effect of light source on the removal of TCE. The light intensity of lamp A and lamp B was 40 mW cm −2 and 20 mW cm −2 , respectively. The results are shown in Figure 7 . After 2 h of photocatalytic treatment, the removal efficiency of TCE by TiO 2 -coated POF with lamp A and lamp B was 34% and 27%, respectively. The removal efficiency of TCE by ZnO-coated POF with lamp A and lamp B was 36% and 29%, respectively. Using a higher light intensity LED lamp for photocatalysis can provide stronger energy to photocatalysts and form more •OH than the lower light intensity ones. Therefore, as can be seen from Figure 7 , photocatalysis of TCE with lamp A obtained higher removal efficiency than with lamp B. This implies that light intensity is one of the main factors that affect photocatalytic removal of TCE. When the light intensity of the light source is increased, the efficiency of the photocatalytic treatment is improved. Jinyu et al. studied a similar light source in their experiments but changed its power to 100, 200 and 300 W, thereby increasing the light intensity of the light source. When Ag+/TiO 2 powder was added into the treatment solution, the removal efficiency increased from 68% to 97%, with an increase in light power from 100 W to 300 W [29] . Based on the results, when strong light intensity is provided, photon energy can be increased and the photocatalysts can be excited and generate more electron-hole pairs, which increase the removal efficiency of the pollutants.
Effect of pH on Photocatalytic Efficiency
The TCE removal efficiency by adsorption plus photocatalysis under three different pH values were investigated under the same operating conditions. Lamp A was used as the light source for photocatalysis and the treatment time was 2 h. The POF adsorption efficiencies of TiO 2 -coated fiber without light irradiation were 18%, 17% and 15% for solution pH 4, 7 and 10, respectively, while the adsorption efficiencies for ZnO-coated POF were 24%, 19%, and 17%, respectively (Figure 8 ). In addition, the general catalyst adsorption mechanism can be divided into physical adsorption and chemical adsorption. The physical adsorption occurred on the photocatalyst's surface and pores through van der Waals force, and the chemical adsorption is a chemical reaction between the adsorbate (pollutants) and the active site on the adsorbent (catalyst). The experimental results show that both TiO 2 -and ZnO-coated POF removed the least TCE by adsorption in basic pH. The the pH of point of zero charge (pHpzc) of tested TiO 2 and ZnO photocatalysts were measured at 4.05 and 7.60, respectively. Therefore, the surface of both TiO 2 -and ZnO-coated optical fiber would be negatively charged when the pH of the solution was 10 [30, 31] . Joo et al. indicated that the TCE is neutral and not dissociated through the whole of pH ranges. Therefore, the removal of TCE by adsorption was marginal [12] .
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The TCE removal efficiency by adsorption plus photocatalysis under three different pH values were investigated under the same operating conditions. Lamp A was used as the light source for photocatalysis and the treatment time was 2 h. The POF adsorption efficiencies of TiO2-coated fiber without light irradiation were 18%, 17% and 15% for solution pH 4, 7 and 10, respectively, while the adsorption efficiencies for ZnO-coated POF were 24%, 19%, and 17%, respectively (Figure 8 ). In addition, the general catalyst adsorption mechanism can be divided into physical adsorption and chemical adsorption. The physical adsorption occurred on the photocatalyst's surface and pores through van der Waals force, and the chemical adsorption is a chemical reaction between the adsorbate (pollutants) and the active site on the adsorbent (catalyst). The experimental results show that both TiO2-and ZnO-coated POF removed the least TCE by adsorption in basic pH. The the pH of point of zero charge (pHpzc) of tested TiO2 and ZnO photocatalysts were measured at 4.05 and 7.60, respectively. Therefore, the surface of both TiO2-and ZnO-coated optical fiber would be negatively charged when the pH of the solution was 10 [30, 31] . Joo et al. indicated that the TCE is neutral and not dissociated through the whole of pH ranges. Therefore, the removal of TCE by adsorption was marginal [12] . In the adsorption plus photocatalysis process, the removal efficiency of TCE by TiO 2 -coated POF was 21%, 30%, and 33% at pH 4, 7 and 10, respectively. However, using ZnO-coated POF obtained removal efficiencies of TCE 31%, 33% and 22% at pH 4, 7 and 10, respectively (Figure 8) . The results show that the removal efficiency of TiO 2 -coated POF increased with the increasing of pH value. This is mainly due to the pHpzc of TiO 2 and ZnO which was 4.05 and 7.60, respectively. When the solution's pH > pHpzc, the photocatalyst surface is negatively charged, coupled with the pH 10 solution containing more hydroxide ions (OH − ). Chen et al. have pointed out that when the photocatalyst is excited by light energy, an increase in the removal of organic pollutants by the •OH can be observed, which increases the removal efficiency by photocatalysis [28] . On the TiO 2 photocatalysts, the OH radicals produced in the solution react with the electron holes to initiate a chain reaction. However, due to the wavelength of LED (395 nm) and the energy gap of ZnO, it resulted in less formation of OH radicals by photocatalyzation with the ZnO-coated POF. This can be explained by the wavelength and the energy gap of absorbable light of the two photocatalysts used in this study. Figure 8 shows that TiO 2 was more susceptible to the light source leading to an excitation of the electron-hole pairs; however, ZnO was not effectively excited by the light source, which led to poor photocatalytic efficiency. The photocatalytic efficiency of ZnO-coated POF on TCE decreased significantly at alkaline condition (pH 10). The TCE removal efficiency by ZnO-coated POF was better than that of TiO 2 -coated POF at pH 7. However, the primary removal mechanism of TCE by the two photocatalytic POFs was different because the adsorption efficiency of ZnO was better than that of TiO 2 . Nevertheless, the TiO 2 -coated POF outweighed the ZnO-coated POF on the formation of more hydroxyl radicals. More details are discussed in the Section 3.7.
Effect of Treatment Process on Photocatalytic Efficiency
The lamp A with a light intensity of 40 mW cm −2 and a wavelength of 395 nm was used to illuminate the photocatalyst-coated POF. The results are shown in Figure 9 , which shows the removal efficiency by photolysis, TiO 2 -coated POF photocatalysis and ZnO-coated POF photocatalysis. When conducting photolysis, the POF was used without coating any photocatalysts. As can be seen from Figure 9 , 15%, 23%, 29% and 35% of TCE were removed after 1, 2, 3 and 4 h of photolysis, respectively. Using TiO 2 -coated POF in photocatalysis achieved 17%, 34%, 37% and 38% of TCE removal, while the ZnO-coated POF achieved 21%, 36%, 37% and 39%, respectively. It is obvious that POF coated with photocatalysts enhanced the degradation of TCE compared with the photolysis process. In addition, the increase of the treatment time also effectively improved the removal efficiency of TCE. However, the differences in TCE removal percentages were getting smaller as the treatment time increased. When the photocatalyst was excited, the active positions for generating electron-hole pairs may be gradually reduced. On the other hand, the active sites on the photocatalysts may be gradually filled by adsorbed contaminants resulting in a decrease in removal efficiency. Joo et al. used nanoscale ZnO with four UVC lamps to photocatalytically degrade TCE contaminants in aqueous solution for 60 min [12] . Their results showed that about 70% of the TCE was degraded after 30 min of the experiment and was about 95% at the 60 min mark. This indicates that the removal efficiency gradually decreased, although the treatment time was prolonged. 
Formation of Hydroxyl Radicals During Photocatalytic Process
The •OH conversion rate (ROH,UV) of the photocatalytic process by two photocatalyst-coated POFs was investigated. The ROH,UV was estimated according to Rosenfeldt and Linden [20] . The light intensity of the optical fiber is calculated by taking a single fiber with length of 16 cm and using a UVA meter to measure its light intensity every 2 cm. Then, the calculated average light intensity was 0.17 mW cm −2 and multiplying it by time in seconds, which obtained the luminous flux (H) (mJ cm −2 ). Based on the results presented in Figure 10 , kOH is obtained by dividing the reaction rate of the •OH and pCBA by k•OH, pCBA = 5.2 × 10 9 M −1 S −1 . The k values of TiO2 at pH values of 4, 7, and 10 were 0.1 × 10 −5 , 0.3 × 10 −5 and 0.4 × 10 −5 , respectively, and for ZnO were 0.4 × 10 −6 , 0.1 × 10 −5 , and 0.1 × 10 −5 , respectively. The calculated concentrations of •OH were presented in Figure 11 . It can be seen that the ROH,UV of the TiO2-coated POF at pH 4, 7 and 10 were 2 × 10 3 , 6 × 10 3 , and 8 × 10 3 M s cm 2 mJ −1 , respectively; while the ZnO-coated POF was 8 × 10 2 , 2 × 10 3 , and 2 × 10 3 M s cm 2 mJ −1 , respectively. In 
The •OH conversion rate (R OH,UV ) of the photocatalytic process by two photocatalyst-coated POFs was investigated. The R OH,UV was estimated according to Rosenfeldt and Linden [20] . The light intensity of the optical fiber is calculated by taking a single fiber with length of 16 cm and using a UVA meter to measure its light intensity every 2 cm. Then, the calculated average light intensity was 0.17 mW cm −2 and multiplying it by time in seconds, which obtained the luminous flux (H) (mJ cm −2 ). Based on the results presented in Figure 10 , k OH is obtained by dividing the reaction rate of the •OH and pCBA by k •OH, pCBA = 5.2 × 10 9 M −1 S −1 . The k values of TiO 2 at pH values of 4, 7, and 10 were 0.1 × 10 −5 , 0.3 × 10 −5 and 0.4 × 10 −5 , respectively, and for ZnO were 0.4 × 10 −6 , 0.1 × 10 −5 , and 0.1 × 10 −5 , respectively. The calculated concentrations of •OH were presented in Figure 11 . It can be seen that the R OH,UV of the TiO 2 -coated POF at pH 4, 7 and 10 were 2 × 10 3 , 6 × 10 3 , and 8 × 10 3 M s cm 2 mJ −1 , respectively; while the ZnO-coated POF was 8 × 10 2 , 2 × 10 3 , and 2 × 10 3 M s cm 2 mJ −1 , respectively. In acidic solution, the H + is present on the photocatalyst's surface and in the solution. Thus, increasing the pH value increases the TiO 2 hydroxyl radical conversion efficiency, which indicates that the TiO 2 photocatalyst is excited by the light source. On the other hand, the rates of ZnO photocatalytic reaction under pH conditions of 4, 7, and 10 were lower than that of TiO 2, and its photocatalytic reaction rate also increased with the increasing of pH value. Since the photocatalytic conversion efficiency of the ZnO-coated POF was not that high, therefore, the primary removal mechanism of the ZnO-coated POF, compared with the TiO 2 -coated POF, is not the generation of hydroxyl radicals, but may be carried out by photocatalytic degradation of TCE through photocatalyst adsorption. Pozan et al. also found that the adsorption of TCE by ZnO photocatalysts was better than TiO 2 [13] . Moreover, Hashimoto et al. indicated that the anatase phase in TiO 2 significantly contributes to photocatalyzation, but the hexagonal phase in ZnO does not benefit it [32] . The XRD analysis in Section 2.2 also shows that the main crystal phase of the TiO 2 is anatase. 
Conclusions
The photocatalytic reaction was carried out by using LED with coated POF to remove TCE in water. The effects of photocatalyst coating times, light intensity, solution pH, and treatment process on the removal of TCE were investigated, and the formation of hydroxyl radicals of the proposed system was estimated. The photocatalytic efficiency of the photocatalyst-coated POF decreased with the increase in the number of coating times. However, the removal of TCE through photocatalyst 
The photocatalytic reaction was carried out by using LED with coated POF to remove TCE in water. The effects of photocatalyst coating times, light intensity, solution pH, and treatment process on the removal of TCE were investigated, and the formation of hydroxyl radicals of the proposed system was estimated. The photocatalytic efficiency of the photocatalyst-coated POF decreased with the increase in the number of coating times. However, the removal of TCE through photocatalyst adsorption increased as the coating times increased. Under the irradiation of LED-UVA, enhancing the light intensity increases the photocatalytic efficiency of TCE by coated POF with either photocatalyst. The photocatalytic efficiency can be further increased by increasing the treatment time. The energy gap of TiO 2 and ZnO photocatalysts was 3.0 eV and 3.15 eV, respectively, and the photocatalytic efficiency of the TiO 2 photocatalyst was enhanced by increasing the pH of TCE solutions. The ZnO-coated POF film is inferior to that of the TiO 2 -coated POF under alkaline conditions, since the mechanism of TCE removal by ZnO is adsorption, while the TiO 2 's primary mechanism is photocatalysis. The absorption wavelength of photocatalysts measured by DRS indicates that ZnO, compared to TiO 2 , at 395 nm wavelength cannot absorb light efficiently, thus, being less susceptible to excitation by the experimental light source. The R OH,UV of the photocatalyst-coated POF increases with an increasing pH value of the solution. The value of R OH,UV for TiO 2 was higher than for ZnO which suggested that a TiO 2 -coated POF is more suitable than a ZnO-coated POF in degrading TCE. According to our experimental results, the high removal efficiency of TCE would be achieved by using the light source of 395 nm LED, with a one-time coating of the TiO 2 photocatalyst in the pH 10 solution. 
